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3D Visualization of IGM Tomography

‘True’ 3D absorption field at left; reconstruction from noisy mock
spectra at right (Similar reconstruction as previous slide).

Dimensions: (65 h−1Mpc)2 × (100 h−1Mpc)

Khee-Gan (“K.G.”) Lee Lyα Forest Tomographic Mapping

KG’s work on observational requirements



Tomography (cartoon version)

Observationally, we only sample the absorption along skewers, but the signal is 
everywhere and provides an excellent tracer of matter density.

1D sampling (in same plane)
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Local Universe
(∆v = 2000 km s−1 slice)

Galaxy Redshift Maps at z = 0 and z = 2
Redshifts are expensive since surface brightness goes as (1 + z)4.
Going from z = 0.5 to z = 2 requires 16x more exposure time.

COSMOS spectro-z’s at z = 2.3
(Same comoving volume)

Courtois et al. 2013 COSMOS Collaboration
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Structure in galaxies vs. IGM

Resolving ~2 Mpc and no projection effects!



CLAMATO survey

Targeting QSO’s and LBG’s in COSMOS 
down to g = 24.7 in order to increase 
sightline density.

Sightline density of ~2000 per square degree, 
mapping 70 x 70 x 200 Mpc/h at z = 2.3.

Lyα Forest survey focused on very high 
sightline density.

Example of CLAMATO volume from 
a Nyx simulation (showing density).

Survey goal: Mpc-scale tomographic 
map. Previously thought to only be 
possible with 30m class telescopes!

Lee et al. 2014a



Reconstruction with Wiener Filtering

The Wiener filter is the minimum mean squared error 
estimator, assuming normal-distributed signal and 
known signal and noise covariances.

We model the correlation function as a product of two Gaussians and 
assume independent noise.

See Pichon et al. 2001, Caucci et al. 2008, Lee et al. 2014a, Stark et al. 2014
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WF operator

We want to run N = 106 problems regularly, so it must be fast.
Developed OpenMP-parallel implementation with O(N2) time and O(N) space 
complexity: github.com/caseywstark/dachshund

Previous code took 20 hrs to run Npix ~ 105, now takes a few minutes.

http://github.com/caseywstark/dachshund
http://github.com/caseywstark/dachshund


Algorithm details

24 threads,
2.4 GHz,
12 or 13 PCG iterations
   -> 15 cycles per element!

NUMA boundary

Ran mock reconstructions with:
• log2 Npix = 15, 16, ..., 19
• OMP_NUM_THREADS = 1, 2, ..., 24

WF operator broken down into:
• PCG solve for x = (S + N)-1 d
• matrix-vector multiply for m = S x.



Pilot data map
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4 hours on Keck LRIS got 24 sightlines to SFGs in small sky area,
resulted in 6 x 14 x 230 Mpc/h map.
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Pilot data map

Lee et al. 2014b

Lyα Forest Tomography with z ∼ 2− 3 Galaxies 5
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Fig. 3.— Tomographic reconstruction of 3D Lyα forest absorption from our data, shown in 3 redshift segments in 3D (top) and projected
over 3 slices along the R.A. direction (bottom panels). The color scale represents reconstructed Lyα forest transmission such that negative
values (red) correspond to overdensities. Square symbols denote positions of coeval galaxies within the map; error bars indicate the
σv ≈ 300 km s−1 uncertainty on their redshifts. Pink solid lines indicate where 3 of the skewers probe the volume, with inset panels
indicating the corresponding 1D absorption spectra (top-hat smoothed by 3 pixels) that contributed to the tomographic reconstruction.

within our limited redshift range this effect is small.
The resulting map of the 3D Lyα forest absorption,

δrecF , is shown in Figure 3 as 3D visualizations and
slices projected over the xperp (R.A.) direction. A lot
of structure is obvious even within this small volume,
with overdensities (negative-δrecF regions) spanning co-
moving distances of ∆yperp ! 10 h−1 Mpc both along
the line-of-sight (e.g. from z ≈ 2.21 to z ≈ 2.23 at
yperp ∼ 8 h−1 Mpc) and across the transverse direction
(at z ≈ 2.43). The strong overdensities are typically sam-
pled by multiple sightlines at different background red-
shifts. This is illustrated by inset panels in the map slices
in Figure 3, where we show 3 examples of the 1D absorp-
tion field, δF , that went into the reconstruction — the
overdensity at a comoving distance of ≈ 3950 h−1 Mpc
and yperp ≤ 5 h−1 Mpc can be seen as clear dips in all
three of the spectra, which is unlikely to be caused by

pixel noise. Note that in moderate-resolution Lyα forest
data, significant ‘absorbers’ are typically due to blends
of clustered Lyα forest absorption and not individual ab-
sorbers (Lee et al. 2014b; Pieri et al. 2013). One also
clearly sees significant voids (dark blue regions) on scales
of ∼ 5− 10 h−1 Mpc.
As validation, we performed reconstructions on mock

data sets derived from simulations (e.g., L14). These
mocks have identical sightline configurations, resolution,
and S/N as the data, including random continuum errors
with 7% RMS. The resulting reconstructions are illus-
trated in Figure 4, compared with the ‘true’ absorption
field from the simulation. The good correspondence be-
tween large-scale features in the ‘true’ and reconstructed
fields gives us confidence that the real map (Figure 3) is
indeed probing LSS. However, the PDF of the simulated
reconstructions differed from the real map (c.f. black



Large-scale structure in tomographic maps
protocluster void

halos with M > 1012 Msun/h in green and M > 3 x 1011 Msun/h in yellow.
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Finding Protoclusters

Use N-body simulation snapshots at z = 0 and z = 2.5 to find progenitors of most 
massive objects today.

z = 0

find massive FOF halos 
at low redshift

z = 2.5

find progenitor at 
high redshift

sample flux and reconstruct search flux field for PC signal

also see Chiang et al. 2013, Cai et al. 2014

compare to PC catalog

Simple method:
• Smooth tomographic map (crude matched filter).
• Select points above given threshold.
• Group nearby points.

Not even taking map covariance into account!



Protoclusters in density and flux

Significant outliers in density and flux (as seen in different smoothings).

density flux



Protocluster trends with mass

Progenitors of more massive clusters start larger,

create larger flux decrements,

and host more massive halos, likely making 
follow up easier.



Protocluster sample forecast

Result: simple protocluster identification method finds 70% of the 
massive protoclusters with 90% purity.

Ran mock surveys and 
reconstructions with various 
sightline spacings d = 2 to 15 Mpc/h, 
with 5 realizations each.

Compared to what was found in 
noiseless map and mock maps to 
full protocluster sample.



Void finding

Spherical underdensity
• Grow spheres around points under 

threshold. Stop growth based on 
enclosed average or value at edge.

• Handle overlaps, e.g. take largest and 
discard others.

Watershed (e.g. ZOBOV)

• Find point under threshold and add 
neighbors also under threshold.

Hessian
• Compute the eigenvalues of the 

Hessian of the gravitational potential.

• A point is a part of a void if there are no 
positive eigenvalues.

• Group points.
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Void finding
SO finder example in density, flux, and tomographic map.

Even with deep integrations, galaxies can’t possibly trace the same structure.



High-redshift voids

High-redshift voids are significantly 
underdense, but have a steeper profile 
than low-redshift counterparts.

Individual and stacked radial profiles 
of 5 Mpc/h < r < 6 Mpc/h voids.

Radial velocity profiles with small scatter,
close to linear theory.

and similarly transmissive...



Void sample forecast

Ran SO void finder on the same mock 
maps, now tuned for flux.

Matched void catalogs found in density 
and flux based on the cut

✏ =

p
(rA � rB)2 + |~xA � ~xB |2/32

rA
< 0.3

Hires map (CLAMATO-like) gives about 
60% completeness with 60% purity for 
large voids.

Likely a lower bound for performance as 
we don’t make use of covariance.



Summary
Developed high-performance tomographic reconstruction code designed 
to handle large numbers of pixels. Used for first Mpc-scale map at z > 2!

Mock surveys and reconstructions similar to ongoing CLAMATO survey 
demonstrated Lyα forest tomography is a promising tool for finding 
protoclusters and voids at z > 2.

Used large N-body simulation to characterize protocluster and 
void signals in tomographic maps.

Final CLAMATO map covering 
1 deg2 will have the volume and 
resolution to provides samples 
of 5 - 10 protoclusters and 90 
voids.



Nyx-Gadget Comparison
Using same initial conditions, cosmology, atomic rates, UVB rates.  



Filament comparison



Mean flux evolution



Particle noise

Took Nyx z = 4 data and added Gaussian 
random noise to density field.

Nyx <F> = 0.1475
Gadget <F> = 0.1446
Nyx noised <F> = 0.1446



Void cosmology

Stack of about 500 voids.

�AP

FAP
⇡ 1p

N

Naively need 10,000 voids for 1% AP measurement!

Current BOSS measurements at about 5%.

Ignoring systematics in shape measurements...



Science with CLAPTRAP
Lyα forest tomography with CLAPTRAP can generate LSS maps at z ∼ 2
at ≈ 3 h−1Mpc scales over 106 h−3Mpc3

! Galaxy Environment Studies

! Will overlap with CANDELS/3D-HST field in COSMOS
! Study colors, morphology, SF rates, AGN activity etc as function of

large-scale environment.
! But will require theoretical interpretation from hydro simulations

! Galaxy Protoclusters

! Progenitors of low-z > 1014.5M⊙ clusters are ρ/⟨ρ⟩ ∼ 3− 4
overdensities at ∼ 10 h−1 Mpc scales (Chiang et al 2013)

! Expect ∼ 10− 20 protoclusters within 1 sq deg CLAPTRAP volume
! Follow-up with imaging and spectroscopy to study member galaxies

! Clustering Measurements

! Can measure < 10 h−1 Mpc Lyα forest autocorrelation in 3D
! Constrain σ8, neutrino mass etc
! Also: cross-correlation with your favorite population to measure bias

Joe Hennawi & Khee-Gan Lee Lyα Forest Tomographic Mapping


